Comparative Transcriptomic Analysis of the Burkholderia cepacia Tyrosine Kinase bceF Mutant Reveals a Role in Tolerance to Stress, Biofilm Formation, and Virulence by Ferreira, A. S. et al.
Comparative Transcriptomic Analysis of the Burkholderia cepacia
Tyrosine Kinase bceF Mutant Reveals a Role in Tolerance to Stress,
Biofilm Formation, and Virulence
Ana S. Ferreira,b Inês N. Silva,b Vítor H. Oliveira,b Jörg D. Becker,c Michael Givskov,d Robert P. Ryan,e Fábio Fernandes,f
Leonilde M. Moreiraa,b
Department of Bioengineering, Instituto Superior Técnico, Lisbon, Portugala; Institute for Biotechnology and Bioengineering, Centre for Biological and Chemical
Engineering, Instituto Superior Técnico, Lisbon, Portugalb; Instituto Gulbenkian de Ciência, Oeiras, Portugalc; Department of International Health, Immunology and
Microbiology, University of Copenhagen, Copenhagen, Denmark, and Singapore Centre on Environmental Life Sciences Engineering, Nanyang Technological University,
Singapored; Division of Molecular Microbiology, College of Life Sciences, University of Dundee, Dundee, United Kingdome; Centro de Química Física Molecular and
Institute of Nanosciences and Nanotechnologies, Instituto Superior Técnico, Lisbon, Portugalf
The bacterial tyrosine-kinase (BY-kinase) family comprises the major group of bacterial enzymes endowed with tyrosine kinase
activity. We previously showed that the BceF protein from Burkholderia cepacia IST408 belongs to this BY-kinase family and is
involved in the biosynthesis of the exopolysaccharide cepacian. However, little is known about the extent of regulation of this
protein kinase activity. In order to examine this regulation, we performed a comparative transcriptome profile between the bceF
mutant and wild-type B. cepacia IST408. The analyses led to identification of 630 genes whose expression was significantly
changed. Genes with decreased expression in the bceFmutant were related to stress response, motility, cell adhesion, and carbon
and energy metabolism. Genes with increased expression were related to intracellular signaling and lipid metabolism. Mutation
of bceF led to reduced survival under heat shock and UV light exposure, reduced swimmingmotility, and alteration in biofilm
architecture when grown in vitro. Consistent with some of these phenotypes, the bceFmutant demonstrated elevated levels of
cyclic-di-GMP. Furthermore, BceF contributed to the virulence of B. cepacia for larvae of the Greater wax moth, Galleria mello-
nella. Taken together, BceF appears to play a considerable role in many cellular processes, including biofilm formation and viru-
lence. As homologues of BceF occur in a number of pathogenic and plant-associated Burkholderia strains, the modulation of
bacterial behavior through tyrosine kinase activity is most likely a widely occurring phenomenon.
Bacterial tyrosine kinases (BY-kinases) are best characterizedfor regulating the biosynthesis and the export of bacterial ex-
tracellular carbohydrate polymers in both Gram-positive and
Gram-negative bacteria. These proteins comprise two domains: a
transmembrane activator domain with a large extracellular loop
and an intracellular catalytic domain encompassing the ATP-
binding site and tyrosine-rich region (1). These two domains can
either be linked in a single polypeptide, such as in Proteobacteria
and Actinobacteria, or split into two separate proteins encoded by
adjacent genes, as in the Firmicutes (1). Resolution of the BY-
kinase tridimensional structures showed no resemblance to their
mammalian counterparts, and therefore these proteins are seen as
good targets for antibacterial drug design (2).
A number of studies have shown the importance of BY-kinases
in polysaccharide biosynthesis, mainly as components of a multi-
enzymatic complex responsible for polysaccharide polymeriza-
tion and export (3).Moreover, several enzymes involved in sugar-
nucleotide biosynthesis and repeat unit formation have also been
identified as phosphorylation targets of BY-kinases. For example,
Escherichia coli Wzc and Bacillus subtilis PtkA BY-kinases were
found to phosphorylate UDP-glucose dehydrogenase enzymes (4,
5), EpsD from Streptococcus thermophilus (6) andWzc ofKlebsiella
pneumoniae (7) were found to phosphorylate the undecaprenyl-
phosphate glycosyltransferases EpsE and WcaJ, respectively, and
Cap5B2 from Staphylococcus aureus was found to phosphorylate
the UDP-acetyl-mannosamine dehydrogenase Cap5O (8). In ad-
dition, BY-kinases have been demonstrated to have other cellular
targets not related to polysaccharide biosynthesis, as is the case for
the E. coli alternative heat shock sigma factor RpoH and the RpoE
anti-sigma factor RseA (9), integrase proteins (Int) of coliphage
HK022 (10), and single-stranded DNA-binding proteins SsbA
and SsbB from Bacillus subtilis (11). Besides the genetic and bio-
chemical analyses of individual targets of BY-kinases reported
above, other bacterial tyrosine-phosphorylated proteins have
been identified by gel-free proteomics approaches in organisms
such as E. coli (12), B. subtilis (13, 14), Listeria monocytogenes (15),
Streptococcus pneumoniae (16), and Pseudomonas species (17), to
name a few. These tyrosine-phosphorylated proteins are involved
in several cellular processes, such as stress responses, DNAmetab-
olism, transcription, translation, centralmetabolism, cell division,
and cell wall polysaccharide biosynthesis, among others (18, 19).
A recent study demonstrated that tyrosine phosphorylation on
target proteins not only modulates their enzymatic activity but
also their correct cellular localization (20), adding a new dimen-
sion to the role of tyrosine phosphorylation in the bacterial cell.
Bacteria belonging to Burkholderia cepacia complex (Bcc) are
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important opportunistic pathogens, especially for cystic fibrosis
(CF) and chronic granulomatous disease patients. These patho-
gens can cause deterioration of lung function, and some patients
develop a condition known as cepacia syndrome, characterized by
a fatal necrotizing pneumonia accompanied by septicemia (21).
Bcc bacteria produce a variety of virulence factors, one of them
being the exopolysaccharide (EPS) cepacian produced by most
Bcc isolates (22–24). This EPS is thought to be involved in persis-
tence of the bacteria in CF lungs by their interactions with antimi-
crobial peptides, by interfering with the function of key compo-
nents of the pulmonary host defense due to their capacity to
scavenge reactive oxygen species, and by their involvement in bio-
film formation (reviewed in reference 25). Another exopolysac-
charide of Burkholderiawas recently identified as relevant for bio-
film matrix formation (26). The chemical structure of this new
EPShas not yet been determined, but its biosynthetic genetic locus
(gene cluster BCAM1330-BCAM1341 inBurkholderia cenocepacia
J2315) encompasses several typical EPS-related genes encoding
putative glycosyltransferases, polysaccharide-modifying enzymes,
polysaccharide export proteins, and a BY-kinase protein (26).
Among the genes involved in the biosynthesis of the exopolysac-
charide cepacian is bceF, which encodes another BY-kinase (27).
Disruption of the bceF gene compromised cepacian biosynthesis
and the ability to produce thick biofilms in vitro (28). Further-
more, mortality was completely absent in gp91phox/mice chal-
lenged with a bceF transposon mutant, while in another mutant
for the bceI gene, which encodes a putative polysaccharide poly-
merase, infectedmice died 5 days later than those infectedwith the
wild-type Burkholderia cepacia IST408 strain (29). The differences
in virulence of the bceF and bceI EPS-deficient transposon mu-
tants (29), together with the knowledge that BY-kinases have sev-
eral endogenous targets in the cell, prompted us to evaluate which
cellular processes require the BceF tyrosine kinase and may ac-
count for the observed differences in virulence. To accomplish
this, transcriptome profiling of the wild-type B. cepacia IST408
and the EPS-deficient bceF::Tp and bceE::Tp isogenic insertion
mutants was carried out. Based on the gene expression results, a
series of phenotypic traits were compared to identify the pathways
in which this BY-kinase may play a role.
MATERIALS AND METHODS
Bacterial strains, plasmids, andgrowth conditions.The strains andplas-
mids used in this work are listed in Table 1. E. coli was grown in LB
medium at 37°C. Unless otherwise stated, B. cepacia strains were grown in
LB, pseudomonas isolation agar (PIA), or in EPS-producing Smedium at
30°C (22). Growth media were supplemented with antibiotics when re-
quired to maintain the selective pressure at the following concentrations
(in g/ml): for B. cepacia, trimethoprim at 100, chloramphenicol at 300,
and tetracycline at 400; for E. coli, trimethoprim at 100, chloramphenicol
at 25, ampicillin at 100, tetracycline at 10, and kanamycin at 50.
DNA manipulation techniques. Total DNA was extracted from bac-
terial cells by using the DNeasy blood and tissue kit (Qiagen), following
themanufacturer’s instructions. Plasmid DNA isolation and purification,
DNA restriction/modification, agarose gel electrophoresis, and E. coli
transformation were carried out using standard procedures (30). B. cepa-
cia electrocompetent cells, prepared as previously described (28), were
transformed by electroporation using a Bio-RadGene Pulser II (200, 25
F, 2.5 kV) and grown overnight before being plated in selectivemedium.
Plasmids for complementation experiments and pIN25 expressing the
green fluorescence protein (GFP) were mobilized into Burkholderia cepa-
cia strains by triparental conjugation using plasmid pRK2013 as the
helper.
Construction of the bceE insertion mutation. To obtain a B. cepacia
IST408 bceE disruption, a 2,411-bp KpnI/EcoRI fragment containing the
bceE coding region and flanking regions was amplified using primers
BceE-up (5=-CGAGGTACCCGTGATCGTCA; restriction sites are shown
in italics) and BceE-low (5=-GATGAATTCGACGTCGGCCACTT) and
cloned into the same restriction sites of pBCSK. The plasmid obtained
(pLM56-1) was further digested with XhoI, which has a single recognition
site within the bceE coding region. The trimethoprim (Tp) resistance cas-
TABLE 1 Strains and plasmids used in this study
Strain or plasmid Genotype or descriptiona Reference or source
Escherichia coli strains
XL1-Blue recA1 lac [F= proAB lacIq ZM15 Tn10 (Tcr)] thi 51
DH5 recA1 lacU169 80 lacZM15 BRL
Burkholderia cepacia strains
IST408 Cystic fibrosis isolate, EPS 22
IST408 bceE::Tp IST408 derivative with bceE gene disrupted by Tpr gene cassette This work
IST408 bceF::Tp IST408 derivative with bceF gene disrupted by Tpr gene cassette 28
Plasmids
pBCSK Phagemid derived from pUC19, Cmr Stratagene
pRK2013 TraMob (RK2) Km::Tn7 ColEl origin, helper plasmid, Kmr 52
pUC-TP pUC-GM derivative with 1.1-kb Tpr gene cassette, Apr Tpr 53
pDA17 oripBBR1 PDHFR Tet
r 54
pIN25 oripBBR mob, GFP, Cm
r 55
pLM56-1 pBCSK derivative containing 2,411-bp KpnI/EcoRI fragment encompassing bceE
and flanking regions
This work
pLM56-4 pLM56-1 derivative containing Tpr gene cassette at XhoI site disrupting bceE This work
pLM127-4 pDA17 derivative containing 1,329-bp NdeI/XbaI fragment with rpoH coding
region
This work
pLM127-9 pDA17 derivative containing 2,239-bp NdeI/XbaI fragment with bceF coding region This work
pLM127-11 pDA17 derivative containing 1,100-bp NdeI/XbaI fragment with bceE coding region This work
a Abbreviations: Cmr, chloramphenicol resistance; Tpr, trimethoprim resistance; Apr, ampicillin resistance; Tetr, tetracycline resistance; Kmr, kanamycin resistance.
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sette was obtained from pUC-TP and was cloned into pLM56-1, resulting
in the plasmid pLM56-4, which transcribed the cassette in the same ori-
entation as the bceE gene. This plasmid was introduced into B. cepacia
IST408 by electroporation, and transformants were selected by growth on
PIA medium with trimethoprim. The colonies obtained were then
screened in the presence of chloramphenicol. Colonies that did not grow
in the presence of chloramphenicol but were trimethoprim resistant were
considered candidates for allelic exchange of bceE by the bceE::Tp con-
struct. The candidate insertion mutant was further characterized by PCR
amplification and DNA sequencing.
Construction of plasmids for complementation experiments. PCR
was used to amplify the coding region of bceE (primers bceE-fw, 5=-GAA
CATATGCTGAAACGCCCGATG, and bceE-rev, 5=-TGATCTAGAGGA
GCAGCTGGCCGAGGA; restriction sites are in italics); bceF (primers
bceF-fw, 5=-GAACATATGGTGAACACGCAAGCGAAA, and bceF-rev,
5=-TTATCTAGAATGCGGATCAGGCGCTCA), and rpoH (BCAL0787
in B. cenocepacia J2315; primers rpoH-fw, 5=-TTTCATATGAGCAACGC
CCTGACCCTC, and rpoH-rev, 5=-CCGTCTAGAAACCGGTGGAAAA
AATTG). Following restrictionwithNdeI andXbaI, each gene was cloned
in the same restriction sites of pDA17. The plasmids obtained were
pLM127-4, pLM127-9, and pLM127-11, carrying the rpoH, bceF, and bceE
genes, respectively (Table 1). The nucleotide sequences of the cloned
genes were confirmed by DNA sequencing.
Isolation and processing of RNA and DNA samples. For expression
profiling, overnight cultures of wild-type B. cepacia IST408 and the iso-
genic mutants bceE::Tp and bceF::Tp were grown in LB medium and di-
luted into Smedium to an initial optical density at 640 nm (OD640) of 0.1.
Triplicate 250-ml Erlenmeyer flasks containing 100 ml of medium were
inoculatedwith each strain and cultured at 30°Cwith agitation at 250 rpm
for 12 h. These bacterial cells were resuspended in RNAprotect bacteria
reagent (Qiagen), and total RNA extraction was carried out using the
RNeasy minikit (Qiagen), followed by DNase treatment (RNase-free
DNase set; Qiagen) according to the manufacturer’s recommendations.
RNA integrity was checked on an Agilent 2100 Bioanalyser using an RNA
Nano assay. RNA was processed for use on Affymetrix custom dual-spe-
ciesBurkholderia arrays (31), according to themanufacturer’s prokaryotic
target preparation assay instructions. Briefly, 10g of total RNA contain-
ing spiked poly(A) RNA controls [GeneChip poly(A) RNA control kit;
Affymetrix, Santa Clara, CA] was used in a reverse transcription reaction
with random primers (Invitrogen Life Technologies) to generate first-
strand cDNA. After removal of RNA, 2 g of cDNA was fragmented
with DNase and end labeled with biotin by using terminal polynu-
cleotidyl transferase (GeneChip WT terminal labeling kit; Affymetrix).
The size distribution of the fragmented and end-labeled cDNA was as-
sessed using the Agilent 2100 Bioanalyzer. Two micrograms of end-
labeled fragmented cDNA was used in a 200-l hybridization cocktail
containing hybridization controls, and the mixture was hybridized on
arrays for 16 h at 50°C.Modified posthybridizationwash anddouble-stain
protocols (FLEX450_0005; GeneChipHWS kit; Affymetrix) were used on
a GeneChip fluidics station 450. Arrays were scanned on an Affymetrix
GeneChip scanner 3000 7G. Biological triplicates of RNA from each bac-
terial culture were processed and analyzed.
For DNA analysis, a total of 1.5 g of genomic DNA from B. cepacia
IST408 was labeled using the Bioprime DNA labeling system (Invitrogen,
Paisley, United Kingdom) following a strategy for genomic DNA hybrid-
ization to GeneChips developed by Hammond and coauthors (32).
Cleanupwas performed using theMinElute PCRpurification kit (Qiagen,
Hilden, Germany), and quality was checked on an Agilent 2100 Bioanaly-
ser using a DNA 1000 assay. Five micrograms of labeled DNA was ana-
lyzed on an Affymetrix custom dual-species Burkholderia array following
the protocol described above for RNA samples.
Microarray analysis. For microarray analysis, DNA-based probe se-
lection was performed using Xspecies DNA hyb CDF batchmaker v3.2
(32; http://affymetrix.arabidopsis.info/xspecies/). An optimal signal cut-
off of 80 and minimum number of probes per probe set of 7 were deter-
mined empirically, resulting in the masking of 24,223 of the original
226,576 probes on the array and the exclusion of 156 probe sets. The new
cdf file created (Bcc1sa520656F_Xspecies.CEL80.cdf) was used in a DNA
Chip Analyzer 2008 for the subsequent gene expression analyses. The 9
expression arrays were normalized to a baseline array with median CEL
intensity by applying an invariant set normalization method (33). Nor-
malized CEL intensities of the arrays were used to obtain model-based
gene expression indices based on a perfect match (PM)-only model (34).
Replicate data (triplicates) for each bacterial isolate were weighted gene-
wise by using the inverse squared standard errors as weights. All genes
compared were considered differentially expressed if the 90% lower con-
fidence bound of the fold change (LCB) between the experimental value
and baseline was above 1.2. The lower confidence bound criterion meant
that we could be 90% confident that the fold change was a value between
the lower confidence bound and a variable upper confidence bound. Li
and Wong have shown that the lower confidence bound is a conservative
estimate of the fold change and therefore more reliable as a ranking sta-
tistic for changes in gene expression (33).
This comparison resulted in 630 differentially expressed transcripts
with a median false-discovery rate (FDR) of 1.7% when the bceF::Tp mu-
tant was compared with the wild-type IST408. The comparison of the
bceE::Tp mutant transcriptome with the one of IST408 showed 5 genes
differentially expressed (1.6-fold change lower confidence bound, with
a resulting FDR of 0%).
qRT-PCR assays. DNA microarray data were validated by real-time
quantitative reverse transcription-PCR (qRT-PCR) as previously de-
scribed (24). Total RNA was used in a reverse transcription reaction with
TaqMan reverse transcription reagents (Applied Biosystems). qRT-PCR
amplification of each gene (for primer sequences, see Table S1 in the
supplemental material) was performed with a model 7500 thermocycler
(Applied Biosystems). The expression ratio of the target genes was deter-
mined relative to the reference gene lepA, which showed no variation in
transcript abundance under the conditions tested. Relative quantification
of gene expression by real-time qRT-PCRwas determinedusing theCT
method (35).
In vivo complementation of EPS-deficient strains. Plasmids pDA17,
pLM127-9 (pbceF), and pLM127-11 (pbceE) were mobilized into the
parental strains IST408, IST408 bceF::Tp, and IST408 bceE::Tp, respec-
tively, by triparental conjugation. To determine their ability to restore
cepacian biosynthesis in vivo these strains were grown in liquid Smedium
over 3 days at 30°C. EPS quantificationwas based on the dryweight of EPS
recovered after ethanol precipitation of culture supernatants, as described
before (28).
Stress conditions. Survival of Burkholderia strains to heat stress was
tested by inoculation of overnight cultures into 4ml of Smedium to a final
OD640 of 0.1. Strains were allowed to grow until the OD640 reached 0.6
before being submitted to a static incubation at 50°C in awater bath for 20
min. At 4- or 8-min intervals, an aliquot of 100l was serially diluted and
plated onto LB agar. After 48 h of incubation at 30°C, CFU were counted.
To test tolerance to UV irradiation, 500-l aliquots of the bacterial cell
suspensions prepared in S medium (OD640, 0.1) were transferred into
PMMA cuvettes (VWR) and immediately exposed to UV irradiation (,
254 nm) for different times. Aliquots from each cell suspension were
serially diluted and plated onto LB agar, and plates were incubated for 2
days at 30°C before CFU counting. Each experiment was repeated at least
three times.
Detection of cyclic-di-GMP. The method for detection of cyclic-
di-GMP from B. cepacia IST404 and its derivative mutants bceF::Tp and
bceE::Tp was adapted from that reported by Ryan and colleagues (36).
Briefly, cells (300g) were harvested from agar plates or shaking cultures
grown at 30°C in S medium for 12, 24, and 48 h. Nucleotides were ex-
tracted by resuspending the cells in water and heating at 100°C for 5 min.
The extract was lyophilized, resuspended in 500 l of water certified for
high-performance liquid chromatography (HPLC) analysis, and filtered
(0.2-m pore size). Extracts equivalent to 150 g (wt/wt) of cells were
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adjusted to 500l in 0.1M triethylammoniumacetate (TEAA) buffer (pH
4.5) and subjected toHPLC separation.HPLCwas performedon a 250- by
4.6-mm reverse-phase column (Hypersil ODS 5 m; Hypersil-Keystone)
at room temperature, with detection at 260 and 280 nm, on an ICS-U3000
IC system (Dionex, United Kingdom). Running conditions were opti-
mized by using synthetic cyclic-di-GMP (Biolog). Runs were carried out
in 0.15MTEAAbuffer (pH 4.5) at 1ml/min, using amultistep gradient of
acetonitrile. Relevant fractions of 1 ml were collected, lyophilized, and
resuspended in 10 l H2O. For quantification, a standard curve was es-
tablished whereby synthetic cyclic-di-GMP was added to relevant cell ex-
tracts. The area of the peak was used to estimate the amount of cyclic-di-
GMP in a sample in reference to the wet cell weight. Quantification was
further validated by mass spectrometry using matrix-assisted laser de-
sorption ionization–time of flight analysis.
Motility tests. For the motility test, swimming plates with 0.3% (wt/
vol) Bacto agar (Difco) and swarming plates with 0.5% (wt/vol) Noble
agar were prepared using S medium and LB with 0.5% (wt/vol) glucose,
respectively. For estimation ofmotility, overnight bacterial cultures (5l)
were inoculated onto an agar surface and incubated at 30°C for 48 h,
followed by colony diameter determinations.
Pellicle assay. For the pellicle assay, overnight cultures were inocu-
lated in tubes containing 5 ml of S medium at an OD640 of 1.0 and kept
static for 3 days at 30°C. Pellicles were assayed by visual inspection of the
air-liquid interface, and the complete coverage of the surface with a cell
layer was considered the extent of pellicle formation.
Cultivation of biofilms. Biofilm formation assays in microtiter plates
were performed as previously described (28, 37). Biofilm formation was
also studied under continuous flow conditions using the sterile Stovall
3-chamber flow cell system (Fisher Scientific). Briefly, S medium was
pumped into the system for 3 h prior to inoculation of bacteria to wash
and prevent system bubbles, using an Ismatec peristaltic pump. The flow
chambers were inoculated by injecting in each flow channel 300-l ali-
quots of the overnight cultures of B. cepacia IST408, bceF::Tp mutant, or
bceE::Tp mutant harboring pIN25 expressing the gfp gene to a dilution
resulting in an OD640 of 0.2. After inoculation, the flow channels were left
without flow for 3 h, after which S medium flow was restarted at a rate of
0.4ml/min. The flow cell systemwas kept at 30°C during the experiments,
except during confocal microscopy analysis.
Microscopy and image analysis. Biofilm formation was examined at
48 h by scanning confocal laser microscopy on a Leica TCS SP5 inverted
confocal microscope (DMI6000; Leica Microsystems CMS GmbH,
Mannheim, Germany) with an argon laser for excitation. A 63	 apo-
chromatic objective with a numerical aperture of 1.2 (Zeiss, Jena, Ger-
many) was used for all experiments. Strains under study expressed
GFP, which allowed fluorescent visualization of bacterial cells. Data
acquired were analyzed using the ImageJ program (http://rsbweb.nih
.gov/ij/). Biomass thickness and the roughness coefficient were calcu-
lated using COMSTAT2 (http://www.comstat.dk) (38; M. Vorregaard,
B. K. Ersbøll, L. Yang, J. A. J. Haagensen, S. Molin, and C. Sternberg,
personal communication). The results shown were obtained using the
three-dimensional (3D) viewer function and are representative of 3 inde-
pendent experiments.
Galleriamellonella killing assays. B. cepacia strains were screened for
virulence in aG.mellonellawaxmoth larvae infectionmodel as previously
described (39). Larvae were injected with approximately 2	 106 bacterial
cells suspended in 10 mM MgSO4 with 1.2 mg/ml ampicillin and incu-
bated in the dark at 30°C. Control larvae were injected with 10 mM
MgSO4 with 1.2 mg/ml ampicillin. Larvae were scored as dead or alive for
a period of 2 days. Duplicates of 10 larvae were used in each experiment,
and three independent assays with different larvae generations were per-
formed.
Microarray data accession number.Microarray data were deposited
in the Gene Expression Omnibus (GEO) repository at NCBI under acces-




Gene expression profiles of mutants bceE::Tp and bceF::Tp ver-
sus wild-type B. cepacia IST408. Since the bceF::Tp mutant is
unable to produce exopolysaccharide while the wild-type strain B.
cepacia IST408 is (28), it was necessary to exclude that the possible
differences for the strains were caused by the EPS directly and not
by the presence/absence of the BceF kinase. Therefore, we con-
structed an insertion mutant for the bceE gene (located upstream
of bceF) that encoded the predicted auxiliary membrane protein
BceE, which is required for cepacian export. This insertion mu-
tant, B. cepacia IST408 bceE::Tp, showed the same growth behav-
ior as the wild-type B. cepacia IST408 strain and the bceF::Tp mu-
tant (data not shown) and, as expected, was unable to produce
cepacian (Fig. 1). In trans complementation of bceE::Tp and
bceF::Tp mutants with the constitutive pDA17 vector harboring
bceE (pbceE) or bceF (pbceF), respectively, restored EPS pro-
duction to the wild-type level (Fig. 1).
To gain insight into the broader role of BceF tyrosine kinase, a
transcriptomic approach using a custom Burkholderia GeneChip
array was followed. Since we used B. cepacia IST408 as a model
organism and the species represented on the array are B. cenoce-
pacia J2315 and B. multivorans ATCC 17616 (31), there was the
need to determine which individual probes representing a tran-
script hybridized efficiently to B. cepacia IST408 genomic DNA.
Therefore, the genomic DNA of this bacterium was hybridized to
the microarray. Setting a threshold for minimum intensity of 80
and for at least 7 probes per probe set within the software Xspecies
(32), we retained 14,752 probe sets. Under these conditions, the
comparison of the gene expression profile of the bceE::Tp mutant
with that of IST408 showed 1 gene with statistically significant
increased expression and 4 genes with statistically significant de-
creased expression (1.6-fold change lower confidence bound
with a resulting false-discovery rate of 0%). The gene with in-
creased expression encodes a putative metallo-beta-lactamase,
and the genes with decreased expression are predicted to be in-
volved in acetoin metabolism (see Table S2 in the supplemental
material). These results confirmed that after 12 h of growth in S
medium, the transcriptome of B. cepacia IST408 and of the
bceE::Tp mutant derivative are very similar, and any differences
between the bceF::Tp and IST408 transcriptomes are due to the
presence/absence of the BceF kinase. The comparison of the
FIG 1 Exopolysaccharide production in liquid S medium at 30°C by Burk-
holderia cepacia IST408/pDA17 (}), IST408 bceE::Tp/pDA17 (Œ), IST408
bceE::Tp/pbceE (), IST408 bceF::Tp/pDA17 (), and IST408 bceF::Tp/
pbceF (). The data are means standard deviations from the results of at
least three independent experiments.
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bceF::Tp mutant transcriptome with that of the wild-type B. cepa-
cia IST408 strain (1.2-fold change lower confidence bound with
a resulting false-discovery rate of1.7%) showed 304 genes with
statistically significant increased expression and 326 genes with
statistically significant decreased expression. Almost half (43%) of
the identified genes belonged to the category of poorly character-
ized genes or had no COG classification. Figure 2 shows themajor
categories of the remaining differentially expressed genes. Glob-
ally, our results indicated that in the absence of BceF tyrosine
kinase, the cell’s transcriptome showed a significant decrease in
the expression of genes related to cell motility, stress response
(universal stress proteins, heat shock proteins, proteases, etc.),
and DNA replication, recombination, and repair (Table 2). In
contrast the expression levels of genes encoding transcriptional
regulators or lipidmetabolism and genes related to cyclic-di-GMP
signaling were increased in the bceF::Tp mutant transcriptome
(Table 2). (The complete lists of differentially expressed genes are
presented in Tables S3 and S4 in the supplemental material.)
To confirm the data obtained by microarray analysis, expres-
sion levels of 11 representative genes from COGs C, E, K, N, R, T,
and U were analyzed by qRT-PCR. The results obtained were in
good agreement with the microarray data (Table 3).
Genes involved in metabolism.Metabolic changes accounted
for one-third of differentially expressed genes between the
bceF::Tp mutant and the wild-type strain. In particular, genes in-
volved in energy conversion, coenzyme metabolism, and amino
acidmetabolismhad decreased expression in the bceF::Tpmutant,
while genes related to lipid metabolism and nutrient uptake had
increased expression. Among the genes with decreased expression
in the bceF::Tp mutant, there were genes encoding glycolytic en-
zymes (gapA and BCAM0311) and the gene pckG, which encodes
the phosphoenolpyruvate carboxykinase enzyme that removes
oxaloactetate from the citrate cycle into the gluconeogenesis path-
way (Table 2). The genes with decreased expression required for
coenzyme metabolism are involved in the metabolism of porphy-
rin, thiamine, folate, ascorbate, and biotin. In the category of
amino acidmetabolism, we observed a 1.7- to 1.9-fold decrease in
expression of the genes gcvP and gcvT, which encode two of the
enzymes of the glycine cleavage system that is involved in the
synthesis of one-carbon (C1) units used in the biosynthesis of
purines, methionine, and thymine and for other cellular methyl-
ation reactions.
A category of genes with increased expression in the bceFmu-
tant encodes ABC transporters involved in monosaccharide,
amino acid, peptide, andmineral and organic ion transport (Table
2). With regard to lipid metabolism, we observed a 1.5-fold in-
crease in expression of the cls gene, which encodes cardiolipin
synthetase. Cardiolipin is an anionic tetraacylphospholip found in
the cytoplasmic membrane of bacteria, and it is important for
optimal assembly of protein complexes, such as the electron trans-
port complexes (40). We also observed increased expression of
genes involved in fatty acid biosynthesis (BCAM2001 and
BCAM2283) and decreased expression of genes for their catabo-
lism (BCAL3191 and BCAM0142). It is thus possible that in the
absence of BceF kinase, bacteria need to restructure the mem-
brane lipid composition, perhaps to stabilize some protein com-
plexes and/or alter permeability.
Genes involved in envelope biogenesis. Regarding cell wall
biosynthesis, the gene dadX, which encodes a protein that cata-
lyzes the reversible racemization of L-Ala and D-Ala, showed 2.0-
fold decreased expression in the bceF::Tp mutant. As D-Ala is an
essential component of the cell wall peptidoglycan, we cannot
exclude that the bceF::Tp mutant may have differences in its pep-
tidoglycan structure. Another important component of the cell
wall is the lipopolysaccharide. Three genes involved in O-antigen
biosynthesis and one in lipid A modification showed 1.7- to 2.4-
fold increased expression in the bceF::Tpmutant strain.One of the
genes, wbiF, encodes a glycosyltransferase involved in the transfer
of a sugar residue to theO-antigen core oligosaccharide. The other
two genes werewzm andwzt, which encode a predicted two-com-
ponent ABC transporter required for O-antigen export across the
plasma membrane. The last gene, with a 1.8-fold increase in ex-
pression, was BCAM1214, which encodes a protein homologue of
LpxO dioxygenase enzymes from other bacteria; these enzymes
are required for hydroxylation of lipidA. It is thus possible that the
bceF::Tp mutant strain produces a different amount of and/or a
modified lipopolysaccharide.
Microarray data also showed 1.6-fold decreased expression of
ompR, which encodes the response regulator OmpR, in the
bceF::Tpmutant. Together with the histidine kinase EnvZ, OmpR
is involved in regulating outer membrane composition in several
bacteria, is required for curli expression and for biofilm formation
in E. coli, and is also involved in resistance to phagocytosis and in
survival within macrophages by Yersinia pestis (41, 42). Although
the genes regulated by EnvZ/OmpR inBurkholderia are unknown,
we observed decreased expression of at least 9 genes encoding
putative lipoproteins and outer membrane proteins in the
bceF::Tp mutant, while only 4 showed increased expression. In
addition, the secB gene, which encodes the preprotein translocase
of the Sec pathway necessary for the export of proteins to the
periplasm, outer membrane, or extracellular milieu, also showed
reduced expression in the bceF::Tp mutant. Taken together, these
observations suggest that in addition to the absence of exopoly-
saccharide, the bceF::Tp mutant must have other differences in its
FIG 2 Number of genes with differential expression according to the major
clusters of orthologous groups (COGs) categories when the bceF::Tp mutant
was compared to wild-type B. cepacia IST408. A total of 630 genes with statis-
tically significant altered expression were obtained by using a custom Af-
fymetrix BurkholderiaGeneChip. (C) Energy production and conversion; (D)
cell division; (E) amino acid transport and metabolism; (F) nucleotide trans-
port and metabolism; (G) carbohydrate transport and metabolism; (H) coen-
zyme transport andmetabolism; (I) lipid transport andmetabolism; (J) trans-
lation, ribosomal structure, and biogenesis; (K) transcription; (L) replication,
recombination, and repair; (M) cell wall, membrane, and envelope biogenesis;
(N) cell motility; (O) posttranslationalmodification and protein turnover; (P)
inorganic ion transport andmetabolism; (Q) secondarymetabolite biosynthe-
sis and transport; (T) signal transduction; (U) intracellular trafficking.
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TABLE 2 Differentially expressed genes for the B. cepacia IST408 bceF::Tp mutant transcriptome versus IST408, separated by functional group
Functional class Gene identifier LB-FCa FCb Gene name Description
Cell motility BCAL0113 1.3 1.5 fliD1 B-type flagellar hook-associated protein 2 (HAP2)
BCAL0131 1.2 1.5 tar Methyl-accepting chemotaxis protein
BCAL0136 1.2 1.5 cheZ Chemotaxis regulator CheZ
BCAL0563 1.3 1.6 flgA Flagellar basal body P-ring biosynthesis protein FlgA
BCAL0564 1.2 1.5 flgB Flagellar basal body rod protein FlgB
BCAL0565 1.3 1.6 flgC Flagellar basal body rod protein FlgC
BCAL0567 1.2 1.7 flgE1 Flagellar basal body FlgE domain protein
BCAL1531 1.3 1.6 Flp-type pilus assembly protein
BCAL1533 1.3 1.9 Putative lipoprotein
BCAL1677 1.4 1.8 Putative type 1 fimbrial protein
Envelope biogenesis BCAL0287 2.0 3.1 OmpW family protein
BCAL3122 1.3 1.7 wbiF O-antigen glycosyltransferase
BCAL3130 1.3 2.4 wzt ABC transporter ATP-binding protein
BCAL3131 1.4 1.7 wzm ABC transporter, membrane permease
BCAM1204 1.5 2.0 dadX Alanine racemase
Replication, recombination,
and repair
BCAL1204 1.5 1.9 Putative helicase
BCAL1897 1.4 1.7 recR Recombination protein RecR
BCAL1963 1.6 2.1 DNA polymerase III, delta prime subunit
BCAL2188 1.3 1.7 Putative single-stranded DNA-specific exonuclease
BCAL3005 1.3 1.6 Possible DNA polymerase/helicase
BCAL3141 1.3 1.6 Holliday junction resolvase-like protein
BCAL3256 1.2 1.5 mutL DNA mismatch repair protein MutL
BCAM1258 1.4 1.6 Putative DNA-binding protein
Transcription BCAL0562 1.2 1.6 flgM Negative regulator of flagellin synthesis (anti-28)
BCAL0787 1.3 1.8 rpoH RNA polymerase factor 32
BCAL1879 1.3 1.7 hfq RNA-binding Hfq protein
BCAL1538 1.3 1.8 hfq2 RNA-binding Hfq protein
BCAL3055 1.3 1.6 nusB Transcription antitermination protein NusB
BCAL3151 1.5 1.7 Putative transmembrane anti- factor
BCAL3178 1.4 1.7 LysR family regulatory protein
BCAM0742 1.6 1.9 LysR family regulatory protein
Regulatory/signal transduction BCAL0128 1.2 1.5 cheY Chemotaxis two-component response regulator CheY
BCAL0430 1.3 1.7 Putative diguanylate cyclase
BCAL1069 1.2 1.5 cdpA Putative cyclic-di-GMP phosphodiesterase
BCAL2011 1.3 1.6 ompR Osmolarity response regulator
BCAM1162 1.3 1.5 cheB3 Chemotaxis-specific methylesterase
BCAM1670 1.3 2.0 Putative cyclic-di-GMP signaling protein
Defense mechanisms BCAL0389 1.3 1.7 dsbC Thiol-disulfide interchange protein DsbC
BCAL0807 1.5 2.2 ATP-dependent protease
BCAL2119 1.5 2.2 Universal stress protein family protein
BCAL2410 1.2 1.5 Rhodanese domain protein
BCAL3006 1.4 1.8 cspA Cold shock-like protein
BCAL3147 1.3 1.8 groES1 Cochaperonin GroES
BCAM0050 1.3 1.6 Universal stress protein family protein
BCAM0278 1.3 1.9 Putative heat shock protein 21
BCAM0294 1.3 1.8 Putative universal stress protein
BCAM0309 1.6 1.9 ftsH ATP-dependent metalloprotease FtsH
BCAM0703 1.3 1.4 Putative glutathione S-transferase domain
BCAM2378 1.6 2.0 pepX X-prolyl-dipeptidyl aminotransferase
Transporters BCAL0340 1.2 1.6 Putative lipoprotein (type VI)
BCAL0341 1.2 1.6 Type VI secretion protein, VC_A0107 family
BCAL0343 1.4 1.7 hcp Type VI secretion system effector, Hcp1 family
BCAL0348 1.3 1.5 bcsE Type VI secretion-associated protein, ImpA family
BCAL0350 1.3 1.9 Hypothetical protein BCAL0350 (type VI secretion)
BCAL0742 1.2 1.5 secB Preprotein translocase subunit SecB
BCAL1646 1.4 2.0 Putative oligosaccharide ABC transporter protein
BCAL3099 1.3 1.6 Putative branched-chain amino acid transport, permease
BCAM0760 1.5 1.7 hisQ Histidine transport system permease
BCAM0769 1.3 1.5 Ribose transport system permease protein
Energy conversion BCAL3342 1.3 1.6 Phosphoglycerate mutase
BCAL3388 1.3 1.6 gapA Glyceraldehyde 3-phosphate dehydrogenase 1
BCAM0311 1.2 1.6 Putative 6-phosphofructokinase
BCAM1581 1.4 1.9 pckG Phosphoenolpyruvate carboxykinase (GTP)
Amino acid metabolism BCAL0073 1.4 1.7 gcvP Glycine dehydrogenase
BCAL0075 1.5 1.9 gcvT Glycine cleavage system aminomethyltransferase T
BCAL0632 1.5 2.0 Putative dehydrogenase
BCAM0011 1.5 1.7 tdh L-Threonine 3-dehydrogenase
(Continued on following page)
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cell wall that affect permeability or interactions with the sur-
rounding environment.
Mutation of the bceF gene suggests a role for it in the re-
sponse to stress. In our data set, the gene rpoH encoding the sigma
32 alternative sigma factor showed 1.8-fold decreased expression
in the bceF::Tp mutant compared with the IST408 wild-type
strain. RpoH mediates the heat shock response, but it is also acti-
vated under conditions that destabilize folded proteins or make
correct nascent protein folding more difficult (43). The compari-
son of our datawith genes that are known to be regulated byRpoH
in E. coli (43) revealed many with decreased expression in the
bceF::Tp mutant (Table 2). These genes encode chaperones
GroES1 and HSP21, the dsbC genem which encodes a protein
involved in disulfide bond formation, several genes that encode
universal stress-related proteins, and genes encoding putative
proteases. The RpoH regulon also encodes proteins involved in
cofactor biosynthesis and iron-sulfur assembly (43) and, as we
described above, several genes involved in cofactor biosynthesis
showed decreased expression. Another function of the RpoH
regulon is the protection of DNA and RNA. Hence, we observed a
decreased expression of genes involved in the repair of DNA le-
sions (recR and mutL) in the bceF::Tp mutant, as well as a pre-
dicted Holliday junction resolvase-like protein (BCAL3141), a
specific single-stranded DNA-specific exonuclease (BCAL2188),
and the cold shock protein gene cspA. Also, gene nusB, whose
product binds to RNA polymerase to alleviate the effects of super-
coiling on transcription, and the RNA chaperone-encoding genes
hfq and hfq2 showed decreased expression in the bceF::Tpmutant.
To determine whether the decreased expression of the putative
RpoH and its regulon members is relevant under heat shock con-
ditions, wild-type IST408 and the bceE::Tp and bceF::Tp mutants
and the complemented mutants were incubated at 50°C for 20
min, and CFU were counted at several time points (Fig. 3A). The
results obtained showed a more sensitive phenotype for the
bceF::Tp mutant, with the cells having a lower survival rate under
heat stress. In trans complementation of the bceF::Tpmutant with
the pDA17 vector containing the bceF or rpoH genes rescued its
heat-sensitive phenotype (Fig. 3A). When cells were exposed to
UV light for a period of time, we also observed a decrease in the
survival rate of the bceF::Tpmutant compared to the bceE::Tp and
wild-type B. cepacia, which was rescued by the introduction of
bceF or rpoH genes carried by pDA17 (Fig. 3B).
TABLE 2 (Continued)
Functional class Gene identifier LB-FCa FCb Gene name Description
Lipid metabolism BCAL0845 1.2 1.7 acpP Acyl carrier protein
BCAL0992 1.2 1.6 fabH2 3-Oxoacyl-(acyl carrier protein) synthase III
BCAL2105 1.2 1.5 cls Cardiolipin synthetase
BCAL2322 1.3 1.5 Enoyl coenzyme A hydratase
BCAL3191 1.2 1.7 Putative glutaryl coenzyme A dehydrogenase
BCAM0142 1.2 1.4 Putative acyl coenzyme A dehydrogenase family protein
BCAM1214 1.4 1.8 Putative dioxygenase
BCAM2001 1.3 1.4 Short-chain dehydrogenase reductase
BCAM2283 1.2 1.6 Short-chain dehydrogenase
BCAM2568 1.4 1.7 Beta-ketoadipyl–coenzyme A thiolase
Coenzyme and inorganic ion
transport and metabolism
BCAL0040 1.4 1.7 hemE Uroporphyrinogen decarboxylase
BCAL0475 1.2 1.6 Putative 6-pyruvoyl tetrahydropterin synthase
BCAL0665 1.5 1.7 bioD Dithiobiotin synthetase
BCAL1043 1.3 1.6 gudD Glucarate dehydratase
BCAL1047 1.2 1.5 pdxY Pyridoxamine kinase
BCAL1728 1.3 1.6 cbiD Cobalt precorrin 6A synthase
BCAL2112 1.2 1.5 thiD Phosphomethylpyrimidine kinase
BCAL2458 1.6 2.0 rubA Rubredoxin-type Fe(Cys)4 protein
BCAL2782 1. 3 1.7 pdxH Pyridoxamine 5=-phosphate oxidase
BCAL3049 1.2 1.6 hemL Glutamate-1-semialdehyde 2,1-aminomutase
BCAL3094 1.5 2.2 hemN Coproporphyrinogen III oxidase
BCAM2626 1.3 1.6 huvA Putative heme receptor protein
Nucleotide metabolism BCAL0012 1.5 1.9 Adenylate cyclase
BCAL0635 1.3 1.5 yagT Putative xanthine dehydrogenase iron-sulfur binding subunit
BCAL3140 1.2 1.5 pyrR Bifunctional pyrimidine regulatory protein PyrR uracil
phosphoribosyltransferase
BCAL3172 1.4 1.8 xdhB Xanthine dehydrogenase, molybdopterin-binding subunit
BCAL3400 1.2 1.6 pyrF Orotidine 5=-phosphate decarboxylase
a LB-FC, lower bound of fold change.
b FC, fold change.
TABLE 3 Quantitative real-time RT-PCR analysis results for the B.
cepacia IST408 wild-type strain and bceE::Tp and bceF::Tp isogenic
mutant derivatives







BCAL0073 (gcvP) 1.4 (1.7) 1.5 0.4
BCAL0564 (flgB) 1.2 (1.5) 1.7 1.2
BCAL0787 (rpoH) 1.3 (1.8) 1.9 0.1
BCAL1677 1.4 (1.8) 4.0 0.2
BCAL2011 (ompR) 1.3 (1.6) 1.9 0.2
BCAL1531 1.3 (1.6) 1.2 0.3
BCAL3486 1.2 (1.4) 3.1 0.1
BCAM2054 (bcscD) 1.4 (1.8) 2.3 0.1
BCAM2348 1.5 (1.6) 2.1 0.1
bceE::Tp vs IST408
BCAL1910 (acoB) 1.8 (2.6) 1.9 0.4
BCAM2378 (pepX) 1.7 (2.3) 1.8 0.1
a LB-FC, lower bound of fold change; FC, fold change.
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Although the RpoH regulon is also induced by oxidative stress,
the only two genes with a putative role in antagonizing this type of
stress and that showed decreased expression in the bceF::Tp mu-
tant were BCAM0703, which encodes a putative glutathione S-
transferase, and BCAL2410, which encodes a protein with a rho-
danese domain (Table 2). Despite that, no differences were found
between the wild-type strain and the mutants with respect to
growth inhibition in the presence of oxidative stress agents, such
as H2O2 or cumene hydroperoxide (data not shown).
Mutation of bceF affects motility and biofilm formation.
Analysis of gene expression levels in the flagellar regulon indicated
1.5-fold decreased expression in the bceF::Tp mutant of the cheY,
cheB3, cheZ, and tar genes, whose products are involved in che-
motaxis. In addition, the filament cap-encoding gene fliD1, the
flagellar basal body-encoding genes flgABCE1, and flgM, which
encodes the negative regulator of flagellin synthesis also displayed
decreased expression in the bceF::Tp mutant (Table 2). To test
whether differences in the expression of these genes led to a phe-
notype in semisolid medium, the swimming and swarming abili-
ties of the strains were performed. Consistent with the gene ex-
pression data, we observed that after 24 h of incubation the
bceF::Tp mutant displayed lower swimming and swarming motil-
ities than the wild-type strain and the bceE::Tp mutant, but these
phenotypes were complemented by the expression of the bceF
gene from pDA17 (Fig. 4).
We also compared cell-to-cell adhesion in wild-type bacteria
and in the bceE::Tp and bceF::Tp mutants by using static broth
cultures. The results showed that broth cultures of the wild-type
strain remained visibly clear after 3 days of incubation, with
clumping of the bacterial cells at the bottom of the culture tube
(Fig. 5A). For this property, the bceE::Tpmutant showed an inter-
mediate phenotype, and the broth culture of the bceF::Tp mutant
showedmainly bacterial cells in suspension (Fig. 5A). Pellicle for-
mation at the air-liquid interface wasmainly observed in the wild-
type IST408 and, to a lesser extent, in both mutants (Fig. 5A).
Since pellicle formation is indicative of the production of an ad-
hesive matrix, we first investigated biofilm formation under static
conditions by measuring cell adhesion to an abiotic surface based
on crystal violet staining. The bceF::Tp mutant biofilm at 48 h
retained 2.0- and 1.3-fold less crystal violet than the biofilm of
wild-type B. cepacia IST408 and the bceE::Tp mutant, respectively
(Fig. 5B). Bothmutant phenotypes were restored by expressing in
trans frompDA17 themutant strain defective gene.We also tested
biofilm formation in continuous flow cells by constitutively ex-
pressing GFP from a plasmid in the three strains. After a 48-hour
period, B. cepacia IST408 biofilms showed well-differentiated mi-
crocolonies with shapes resembling early cauliflower-like struc-
tures (Fig. 5C). The bceE::Tp mutant formed cell aggregates that
covered more than 50% of the optical field, but without forming
3D macrocolonies as thick as the ones observed for the wild-type
strain, with maximum thicknesses of 7.76 and 4.12 m for the
wild-type and bceE::Tp mutant, respectively. In contrast, the
bceF::Tp mutant seemed to be unable to form mature biofilm
forms, presenting small and scarce colonies throughout the cham-
ber surface with a maximum thickness for this biofilm of 2.74m
(Fig. 5C). The biomass contained in each strain’s biofilm was also
evaluated using COMSTAT2, with the parental IST408 biofilms
having a biomass volume-to-surface ratio of 6.61 m3/m2, the
bceE::Tp mutant with 3.45 m3/m2, and the bceF::Tp mutant
with 2.53 m3/m2, which is consistent with the biofilm forma-
tion data obtained using crystal violet staining.
Inactivation of the bceF gene increases the production of
cyclic-di-GMP.Microarray data showed the altered expression of
FIG 3 Bacterial survival under heat and UV light stresses. Cells of B. cepacia IST408/pDA17 (}), IST408 bceE::Tp/pDA17 (Œ), IST408 bceF::Tp/pDA17 (),
IST408 bceF::Tp/pbceF (), and IST408 bceF::Tp/prpoH ( ) were incubated at 50°C (A) or underUV light exposure (B), andCFUdeterminationsweremade
by plating the cells in LB medium at 30°C. The data are means standard deviations from the results of at least three independent experiments.
FIG 4 Swimming and swarming motilities of wild-type B. cepacia IST408,
bceE and bceF mutants, and complemented mutants. Plates containing 0.3%
and 0.6% purified agar were used to test swimming and swarming motilities,
respectively. Plateswere spottedwith 5-l ofmid-exponential-phaseB. cepacia
cultures previously grown in S medium for 12 h at 30°C, and the size of each
halo wasmeasured. The data aremeans standard deviations from the results
of at least three independent experiments.
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genes BCAL1069, BCAL0430, and BCAM1670, which are puta-
tively involved in cyclic-di-GMP signaling (Table 2). Genes
BCAL0430 and BCAM1670, encoding putative cyclic-di-GMP
diguanylate cyclases with a GGDEF domain, showed 1.7- to 2.0-
fold increased expression in the bceF::Tpmutant. In contrast, gene
BCAL1069, which encodes a putative cyclic-di-GMP phosphodi-
esterase, showed 1.5-fold decreased expression. As an overview,
the genome of B. cenocepacia J2315 has at least 25 genes involved
in cyclic-di-GMP production and turnover. Therefore, it is diffi-
cult to predict whether changes in the expression of genes encod-
ing digualylate cyclases and phosphodiesterases will have an effect
on the cyclic-di-GMP concentration. To assess whether
BCAL1069, BCAL0430, and BCAM1670 gene products are rele-
vant in the regulation of intracellular cyclic-di-GMP levels in B.
cepacia, this secondary messenger was extracted from cells of the
wild-type IST408 and bceE::Tp and bceF::Tpmutants at 12, 24, and
48 h of growth in S medium (Fig. 6). The intracellular level of
cyclic-di-GMP in the wild-type IST408 and bceE::Tp mutant did
not change over the 48-h test period, with the mutant showing a
slightly higher concentration. In contrast, the bceF::Tp mutant
showed at least a 4-fold increase of cyclic-di-GMP levels above the
wild-type B. cepacia IST408 in the first 24 h, with the concentra-
tion dropping to levels similar to the bceE::Tp mutant but still
2-fold higher than in the IST408 strain (Fig. 6).
The bceF gene plays a role in virulence.Mutation in the bceF
gene affected diverse phenotypes, such as motility, resistance to
stress, and biofilm formation, among others. Due to the impor-
tance of these phenotypes in B. cepacia virulence, we determined
whether the bceF::Tpmutant could also be attenuated in virulence
by using Galleria mellonella as an acute infection model. This was
accomplished by injecting approximately 2 	 106 CFU of each
bacterial strain into larvae. The results indicated virulence atten-
uation by the bceF::Tp mutant, with 35% of the larvae being alive
at 48 h postinfection, while in the presence of the bceE::Tpmutant
and the wild-type IST408 almost all larvae were dead (Fig. 7).
Complementation of the bceF::Tpmutant with pDA17 expressing
the bceF gene restored virulence to the wild-type level. These data
regarding virulence attenuation of the bceF::Tp mutant are con-
sistent with the decreased expression of genes putatively involved
in virulence as well as the observed phenotypic properties.
DISCUSSION
In this work we performed global gene expression analysis and a
series of in vivo experiments looking for phenotypes of aB. cepacia
strain with an inactivated bceF gene encoding a BY-kinase primar-
ily involved in cepacian exopolysaccharide biosynthesis. The re-
sults showed a remarkable effect on the number of genes differen-
tially expressed between the wild-type and mutant strains.
Considering that BceF activity is expected to be mainly at the
protein level, its effect on gene expression regulation might be an
indirect one. Nevertheless, these changes in gene expression have
many consequences at the phenotype level, as observed for exopo-
FIG 5 Effects of bceE and bceF mutations on biofilm formation. (A) Pellicle formation in a static S medium liquid culture of B. cepacia IST408 and isogenic
mutants bceE::Tp and bceF::Tp. (B) Biofilm formation measured by crystal violet staining in an assay using static broth cultures of B. cepacia IST408, the
bceE::Tp/pDA17 and bceF::Tp/pDA17 mutants, and both complemented mutants. Bacteria were cultured in S medium in a 96-well microplate for 48 h and
measured spectroscopically at a 590-nm wavelength. The data are means standard deviations from the results of at least three independent experiments. (C)
Scanning confocal photomicrographs of surface-attached communities formed by B. cepacia IST408 wild type and the isogenic mutants bceE::Tp and bceF::Tp
labeledwithGFP. The biofilmswere grown in flowthrough continuous culture reaction vessels for 48 h at 30°C in Smedium. Shown in the right and lower frames
are vertical sections through the biofilms. Bar, 20 m.
FIG 6 Intracellular cyclic-di-GMP contents in wild-type B. cepacia IST408
and the bceE::Tp and bceF::Tp mutants. Intracellular nucleotides were ex-
tracted at 12, 24, and 48 h of growth, and the cyclic-di-GMP content was
measured by reverse-phaseHPLC. The amount of cyclic-di-GMP is shown per
milligram (dry weight) of cells. The data are means  standard deviations
from the results of at least three independent experiments.
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lysaccharide production, resistance to stress, motility, biofilm for-
mation, and virulence. Another finding from this work is that the
lack of BceF activity is not compensated by other BY-kinases pre-
dicted to be present in Burkholderia. Effectively, our search of
several Bcc sequenced genomes for BceF homologues indicated
that, in addition to BceF homologues, most of them encode an-
other putative BY-kinase, described by Fazli and collaborators to
be involved in the biosynthesis of a new polysaccharide (26). B.
cenocepacia J2315 is an exception, having two extra BY-kinases
besides BceF, namely, BCAM0207 and BCAM1331.
Consistent with the decreased expression of genes involved in
DNA repair and response to stress,B. cepacia cells lacking the BceF
protein were more susceptible to stress imposed by exposure to
UV irradiation or heat shock. The role of tyrosine phosphoryla-
tion in the regulation of responses to stress in E. coli and B. subtilis
has been reported. The B. subtilis mutant in the PtkA BY-kinase
was slightly less resistant than the wild-type strain when exposed
to gamma irradiation-induced DNA lesions (44). As the single-
strand-binding protein SsbA from B. subtilis is a tyrosine phos-
phorylation target, those authors suggested the need for PtkA (and
the phosphatase PtpZ) to coordinate a cycle of SsbA coming on
and off the single-stranded DNA template during repair (44),
which would explain the more sensitive phenotype to radiation
stress. With regard to heat shock stress, the role of tyrosine phos-
phorylation/dephosphorylation in the control of RpoH and RseA
activities has also been previously described (9). In that work, the
authors demonstrated that RpoH was phosphorylated at amino
acid position 260 and that this phosphorylation event attenuated
RpoH activity by inhibiting its ability to initiate transcription as a
sigma factor. Our expression data indicate that in the absence of
BceF tyrosine kinase, expression of both the rpoH gene and some
of its putative regulon members decreased. Although it cannot be
excluded that there is a possible effect of tyrosine phosphorylation
onRpoHactivity, our data point toward a reduction in the expres-
sion of the rpoH gene as the main cause for the lower fitness of the
mutant under stress conditions. Effectively, when extra copies of
the rpoH genewere introduced into the bceFmutant, bothUV and
heat shock resistance increased to wild-type levels.
Another line of investigation was focused on the effect of the
absence of BceF on motility, biofilm formation, cyclic-di-GMP
synthesis, and virulence. These are complex phenotypes with dif-
ferent levels of regulation and are difficult to attribute to a single
factor. In a recent work, Fazli and colleagues characterized a tran-
scriptional regulator of the CRP/FNR superfamily (BCAM1349)
from B. cenocepacia J2315 that is able to bind cyclic-di-GMP (45).
This transcriptional regulator was shown to regulate the expres-
sion of genes required for the synthesis of cellulose and fimbriae,
as it was involved in biofilm formation and virulence of B. ceno-
cepacia in response to the level of cyclic-di-GMP. Also in Burk-
holderia pseudomallei, the presence of higher intracellular cyclic-
di-GMP levels in a phosphodiesterase cdpA-null mutant was
associated with an absence of flagella and swimming motility and
increased biofilm formation (46). According to these previous
observations, the lower motility displayed by the bceF::Tp mutant
could be a consequence of the higher levels of cyclic-di-GMP in
thismutant.With regard to biofilm formation, our results showed
an opposite effect, since the bceF::Tp mutant strain had higher
levels of cyclic-di-GMP but nevertheless showed less biofilm for-
mation. Certainly the level of cyclic-di-GMP and the transcrip-
tional control dependent on this secondary messenger are not the
only factors for biofilm formation. It has been shown with E. coli
K-12 that the EnvZ-OmpR two-component regulatory system
also controls both fimbriae and biofilm formation (42). Both
OmpR and fimbria-encoding genes showed decreased expression
in the bceFmutant, and this could perhaps explain the inability of
the mutant to form biofilms with a size comparable to the wild-
type B. cepacia. In addition, posttranslational modifications are
also involved in the control of biofilm formation, namely, phos-
phorylation of protein tyrosine residues. A B. subtilis strain har-
boring the PtkA tyrosine kinase with mutations affecting kinase
activity was unable to develop the complex radial structures typi-
cal of a maturing wild-type biofilm (47). Nevertheless, the targets
controlled by these BY-kinases with direct involvement in biofilm
formation are unknown.
With regard to virulence, protein phosphorylation is often di-
rectly involved in this process, as it controls the expression of
virulence genes and the synthesis of macromolecules from the
bacterial cell wall and also interferes directly with host signaling
(48). The B. cepacia bceF::Tp mutant was clearly less virulent than
thewild-type strain in the acute infectionmodelwithG.mellonella
used in thiswork and also in amouse infectionmodel (29). Several
factors can contribute to this virulence attenuation in the absence
of the BceF protein. One of them could be related to alteredmem-
brane permeability and cell envelope composition, as suggested by
experiments involving differential expression of genes related to
lipid metabolism and cell wall polymer biosynthesis. These
changes may have a strong impact on the modulation of the host
immune response. Another reason could be the different abilities
to attach to host tissues due to differential expression of pili, fim-
briae, flagella, or other proteins important in this process. For
example, the chaperone GroEL from Salmonella enterica serovar
Typhimurium and Clostridium difficile has been experimentally
demonstrated to participate in adhesion to eukaryotic cells (49,
50). Therefore, the decreased expression of genes encoding heat
shock proteins and other RpoH regulon members, together with
the reduced ability of Burkholderia to withstand stress conditions,
suggests that upon encountering a stressful environment during
host infection, the cells may become less proficient for survival
within the host. In addition, the BceF protein may indirectly in-
terfere with host signaling by being involved in the activation and
FIG 7 BceF influences the ability of B. cepacia IST408 to kill G. mellonella.
Larvae were infected with approximately 2	 106 cells of IST408/pDA17 (}),
bceE::Tp/pDA17 (Œ), bceF::Tp/pDA17 (), and bceF::Tp/pbceF (). The
control experiment without bacteria is also shown (Œ). The data are means
standard deviations from the results of at least three independent experiments.
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secretion of some effector protein for which, in its absence, cells
would be less virulent.
Taken together, the bceFmutant seems to have complex pleio-
tropic phenotypes related to polysaccharide synthesis, metabo-
lism, stress response, signaling, and biofilm formation, among
others. This reflects the importance of protein phosphorylation,
in particular the tyrosine kinase BceF from Burkholderia, in the
regulation of keymetabolic processes and virulence. The next aim
is to identify cellular targets of this BY-kinase that could explain
the observed differences at the gene expression and phenotypic
levels.
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